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Introduction
Replacing lost dentine has been a major problem in clinical dentistry for several years [1] . By the end of the 1960s, Wilson and Kent introduced glass ionomer cement (GIC) which is also called glass polyalkenoate cements [2, 3] . GIC have good ion migration and particle adaptation which result in an interactive zone formation and chemical bond between GIC and the tooth surface [4] . Lamination or sandwich technique using conventional glass ionomer has been introduced as a dentin replacement method [5] .
With further GIC development, the resin modified GIC (RMGIC) has been marketed by the late 1980s and it has been used in the sandwich technique as a dentine replacement material [6] . Adding the hydrophilic hydroxyethyl methacrylate monomers (HEMA) to GIC results in improved chemical and mechanical properties [7, 8] . A number of other materials have been suggested to be used as dentine relplacement materials including bioglasses [9] and the new generation flowable bulk-fill resin-composites such as Smart Dentine Replacement (SDR) [10] .
Part of this evolution process is Biodentine TM (BD), which is new water calcium-based cement, that has been developed in 2010 and offers a bioactive, biocompatible and biointeractive dentine replacement material [11] . The powder contains tricalcium and dicalcium silicate (3CaO.SiO 2 and 2CaO.SiO 2 ) as a core material. Calcium carbonate (CaCO 3 ) makes up approximately 15% of the material (according to the manufacturer) [12, 13] and it performs as a nucleation site and a filler [14] . Zirconium dioxide (ZrO 2 ), which makes approximately 5% of Biodentine, acts as a radiopacifier material [15] [16] [17] [18] .
Although the practice of dentin replacement using the 'liner' or 'base' approach may have negative tendency to affect the restoration longevity as has been shown by a recent systematic review [19] , it may be legitimate to apply BD as a dentin replacement material compared to other materials mainly due to its effect on preserving the pulp vitality through its bioactive therapeutic effect. Furthermore, it has an antibacterial effect that makes it suitable for deep caries cavities [20] as well as an excellent bond and seal with dentine, short setting time, and good mechanical properties [21] . On the other hand, it does not have a satisfactory wear resistance, mechanical strength and aesthetic to be a definitive restoration.
Therefore, BD should be covered by a resin-composite layer similar to GIC (sandwich technique) [1] . Since BD is relatively weak during its initial setting period, coverage by a resin-composite should be delayed for at least fourteen days since its first application as recommended by the recent study. This should provide adequate time for BD to mature and withstand the polymerisation contraction force of the resin-composite [22] . Thus, during the first two weeks of its application, BD is left directly exposed to oral fluids which might negatively affect the material through water sorption and solubility, especially that water sorption has been shown to be the fastest during the first 2-3 weeks before reaching the saturation phase [23] .
The lifespan of a restorative material in the aggressive environment of the oral cavity is dependent on a number of clinical factors and material's properties including its resistance to water absorption, solubility, and volumetric expansion. The hydrolytic stability of a restorative material affects its durability and the treatment success [24] . In addition, solubility and water sorption may contribute to microleakage [25] which could indirectly result in restoration failure [26] . Accordingly, it is desirable to have water sorption and solubility as low as possible [24] .
Currently, there is no a specific standard for testing water sorption, solubility, and volumetric expansion of water-based materials. A number of studies aimed to mimic the in vivo situation by immersing the samples directly in water without desiccation [27] . However, in other studies the ISO 4049 (2009) standard for assessing polymeric materials have has been followed to assess materials such as GIC [28, 29] which involves desiccating the test materials in order to reach an initial stable mass after removing the free water molecules from the materials. 3D hygroscopic expansion is one of the recognised techniques for dimensional changes of materials in water [30] . In the current study, both techniques were used to assess the effect of desiccation on different properties of water-based materials. The aims of this study were to assess water sorption, solubility and volumetric expansion of water-based dentine replacement materials and the effect of pre-immersion desiccation on these measurements. The null hypotheses tested were: i) there is no difference in water sorption, solubility and 3-D hygroscopic expansion of different materials, and ii) there is no effect of pre-storage desiccation on water sorption, solubility and volumetric expansion, of tested materials.
Materials and Methods
The materials investigated in this study (Table 1) were Biodentine TM (BD), GC Fuji IX GP ® FAST (FJ), and Ionolux (IO) which respectively represent a calcium silicate-based material, a conventional glass ionomer, and a resin modified glass ionomer.
Disc-shaped samples of each material were prepared using PTFE moulds of 15.0 mm (±0.1 mm) internal diameter and 2 mm (±0.1 mm) thickness. The mould was set on a glass microscopic slide with a transparent film. The mould was slightly overfilled with the material and another film and glass slide were applied on the top with pressure. Clamps were used to maintain the pressure during materials setting.
According to ISO 6876, BD was placed in the moulds and allowed to set at 37°C and 99% relative humidity for 9 min (70% of the final setting time). FJ moulds were also set for 15 minutes at 37±1°C and a relative humidity value of 95±5%. IO specimens were irradiated at five overlapping points on each side for 20 s using an Optilux light curing unit (Optilux 501, USA) with an irradiance of 620 mW/cm 2 . The tip of the light curing unit was approximately 1 mm away from the specimen surface. Each sample was checked for voids and irregularity and any excess flash was removed using 1000 grit silicon carbide abrasive paper. A digital electronic calliper (Mitutoyo Corporation, Japan) was used to measure the specimen thickness and diameter at 4 and 3 points respectively. The mean values were used to calculate the specimen volume (v). Each sample was then placed in a labelled glass bottle.
Pre-storage treatment and immersion in water
Ten samples of each material were prepared and then divided into two groups of five samples each. For the first group, the samples were subjected to a pre-storage dry treatment (desiccation) after complete setting and before they were immersed in water following the ISO standard number 4049 (2009). In the second group, the specimens were directly immersed in water after complete setting according to ISO 6876 (2012).
In the first group, desiccation was carried out by transferring the specimens into a desiccator with anhydrous silica gel at (37 ± 1) °C for 22 h. After that, the specimens were stored in another desiccator at (23 ± 1) °C for 2 h. A calibrated electronic balance with 0.01 mg accuracy (Ohaus Analytical Plus, Ohaus Corporation, USA) was used to weigh the specimens. This desiccation cycle was repeated until a sample mass was obtained with no more than ±0.1 mg mass change in any 24 h period. This mass was denoted as m1.
The samples were then immersed in 10 ml of distilled water and stored at 37 °C and weighed periodically. Before weighing, each specimen was rinsed with water and gently dried with filter paper and waved for 15 s. After one minute, the mass for each sample was obtained and the specimen was then immersed again in distilled water. This procedure was carried out to obtain the mass m(t) for each specimen after 1 h, 24 h, 3 days, 7 days, and 28 days. The final saturated mass after 28 days was denoted as m2. Finally, the specimens were dried in a desiccator until a constant mass (m3) was recorded to the nearest 0.001 g.
Measurements were repeated three times and the mean value was calculated.
For the second group, the specimens were weighed to obtain m1 and immersed directly in 10 ml of distilled water at 37°C without desiccation. The same periodical measurement procedure was carried out to obtain m2 as was described earlier for the first group.
Hygroscopic expansion measurement
A custom-built non-contact laser micrometer (Measuring Unit LSM-503s and Display Unit LSM-6200, Mitutoyo Corporation, Japan) was used to record the diametral changes of the specimens to 200 nm resolution. This device consisted of a laser-scan micrometer mounted on a stainless steel base, a disc specimen holder that rotates in a horizontal plane, a stepper-control unit, which maintains stepwise rotation of the disc sample, and a display unit. This laser micrometer was connected to a computer for further data processing and recording. The device principle was described previously [31] .
The initial mean diameter d 1 of each specimen was measured before desiccation and water immersion for the first and second groups respectively. After one week of water immersion for both groups, each specimen was dried carefully with filter paper till no visible water appeared on the disk. Disc was put on the specimen holder and 500 readings were recorded for each disc and the average value was calculated. After recording the measurement, the sample was returned directly to water. The same procedure was repeated again after one month.
Calculation of sorption, solubility, and volumetric expansion
The following equations were used for calculation of percentage mass change (PMC), sorption, and solubility of different materials [32] :
(1)
Where m1 is the material's mass before water immersion, m(t) is the material's mass at different immersion periods, m2 is the material's mass when it is fully saturated, m3 is the material's mass after final desiccation (desorption), and v is the specimen's volume in mm 3 .
For calculation of the percentage hygroscopic volumetric expansion V (%), the percentage diametric change Δd (%) was first calculated according to the following equation:
Where d1 is the specimen's diameter before water immersion, and d(t) is the specimen's diameter at different immersion periods. V (%) was then calculated using the following equation (29):
Statistical Analysis
Data were entered into a statistical software package (SPSS, V20, Chicago, USA). Data were checked for normality by assessing the modality and the degree of skewness and Kurtosis, and were considered normally distributed. Factorial repeated measures ANOVA with Bonferroni adjustment for multiple pair-wise comparisons was used to assess the change in percentage mass change over storage time and its interaction with the material type and the type of pre-storage treatment (with desiccation or without desiccation). Two-way ANOVA was used to assess the interaction between the material type and the type of treatment on sorption, solubility, and volumetric expansion. One-way ANOVA was used to assess differences in sorption, solubility, and volumetric expansion between materials at each storage condition. Tukey HDS and Dunnett T3 post hoc tests were used for multiple comparisons according to the homogeneity of variances of data. Independent samples Ttest was used to assess differences in sorption, solubility, and volumetric expansion of each material when two different types of pre-storage treatment were applied. Paired samples Ttest, was used to assess differences in volumetric expansion at 1 w and 1 m for each material, at both storage conditions. All the tests were conducted at a significance level of α= 0.05.
Results
Sorption, solubility, and percentage mass change data of the different materials with desiccation and without desiccation pre-storage treatment are summarized in Tables 2 and   3 . Data were expressed as mean values and standard deviation. Results regarding BD with desiccation pre-storage treatment were not applicable since all samples have become severely cracked and broken once they were immersed in water.
Factorial repeated measures ANOVA and two-way ANOVA tests showed a significant interaction between immersion time and the type of material (p˂0.005), immersion time and the type of pre-storage treatment (p˂0.05), and between the material type and the prestorage treatment type (p˂0.005) on sorption and solubility.
Both IO and FJ (with desiccation or without desiccation) showed positive percentage mass change values at all immersion times while BO showed negative values.
Both IO and FJ (whether with desiccation or without desiccation) showed significant With regards to sorption and solubility values ( (Figure 2 ).
Data for volumetric expansion are summarized in Table 4 . All materials showed positive volumetric expansion at 1 w and 1 m except FJ which demonstrated negative volumetric expansion (i.e. shrinkage) when subjected to desiccation pre-treatment. Two-way ANOVA showed no significant interaction between the type of material and the type of pre-storage treatment on volumetric expansion at 1 w (p= 0.39) or 1 m (p=0.90).
IO showed significantly higher volumetric expansion at 1 m; 3.01% (with desiccation) and 6.19% (without desiccation) compared to FJ and BD (p˂0.005) ( Table 4 ). Volumetric expansion of non-desiccated FJ and BD at 1 m was not significantly different (p=0.91) with values of 1.02% and 1.51% for FJ and BO respectively. For both FJ and IO, volumetric expansion was significantly higher when the materials were not desiccated compared to desiccated materials. However, FJ was more influenced by the type of pre-storage treatment (p˂0.005) compared to IO (p=0.04). Without desiccation pre-treatment, the percentage volumetric expansion for all materials was higher at 1 m compared to 1 w and the difference was significant for BD (p=0.002). With desiccation, IO showed lower expansion at 1 m compared to 1 w but the difference was not significant (p=0.74).
Volumetric expansion for FJ was negative at both 1 w and 1 m when desiccated, however, the value was significantly higher at 1 m compared to 1 w (p=0.02).
Volumetric expansion of all materials was positively correlated to sorption (Pearson correlation coefficient= 0.67) and negatively correlated to solubility (Pearson correlation coefficient= -0.67) when no desiccation pre-storage treatment was applied (p˂0.005).
Discussion
Several materials are being used as dentine replacement materials such as glass ionomers, resin modified glass ionomers, bulk-fill resin-composites, and more recently, water-based calcium silicate materials such as BD have been introduced. Although these materials are not directly exposed to the oral environment, they may be indirectly affected by oral fluids through microleakage, defective restoration margins or delaying final restoration placement. Furthermore, some materials like BD should be left uncovered with a final resincomposite restoration for at least two weeks since the polymerisation contraction force of composite may disturb BD during its early stages of setting [22] . This leaves the material in direct exposure to the oral fluids for a significant length of time before the final restoration is placed.
The current study assessed water sorption, solubility, and hygroscopic expansion for a number of dentine replacement materials including FJ (a conventional glass ionomer), IO (a resin-modified glass ionomer) and BD (a calcium-silicate based material). The values of sorption, solubility, and volumetric expansion were significantly different between different materials (with the exception of volumetric expansion of non-desiccated FJ and BD), thus, the first null hypothesis was rejected. Furthermore, there was significant effect of preimmersion dryness (desiccation) on water sorption, solubility, and volumetric expansion values. As a result, the second hypothesis was also rejected.
Based on the results of the present study, solubility values were in the following order: BD˃ FJ˃ IO (7.34%, 4.44% and 1.29% respectively). BD had the highest solubility compared to tested materials. Its solubility (7.34%) was slightly higher than that stated by the manufacturer (6.8%) [33] . A previous study has even reported a higher solubility value of 11.83% for BD [33] . This could be related to the hydration reaction products (calcium salts and calcium hydroxide) which are highly soluble with low wash out resistance [33, 34] . The high solubility of BD is critical for the restoration performance since calcium hydroxide hydrolysis may result in collagen denaturation which might lead to BD crystallization inside dental tubules. This results in forming a tag-like structure which is called the 'mineral infiltration zone' which improve micromechanical bonding [35] .
The high solubility of BD is also associated with high amounts of Ca and Si ion release, which are important in its bioactivity [36] . The high BD solubility has been reported in previous studies compared to other calcium silicate materials [33, 34, 37] . IO showed the lowest solubility in the current study which may be explained by the presence of a more stable polymeric structure in its matrix compared to FJ and BD [38] .
In the current study, sorption values with no desiccation pre-storage treatment were in the following order: IO˃ BD˃ FJ (6.56%, 5.79%, and 5.36% respectively). The high water sorption
of IO compared to other materials might be attributed to the presence of the highly hydrophilic HEMA or modified HEMA monomer in its composition [39] . The presence of HEMA also increases its solubility compared to resin-composites because of its low molecular weight and high mobility [40] . Furthermore, the incomplete curing and conversion process of this monomer may contribute to the rapid water uptake and degradation of the matrix [23] . This finding is in line with another study that showed that a RMGIC had higher water sorption at equilibrium than Fuji IX after one month [38] . BD, on the other hand, showed low sorption which is consistent with a previous study in which BD showed water sorption comparable to IRM [32] . This can be attributed to the water reducing agent (superplasticizer) and the rapid hydration reaction in BD [33] .
BD showed negative percentage mass change values, which increased in negative value with time, while IO and FJ showed positive values. There was sharp mass loss of BD directly after water immersion (1 h) then it steadily increased in negative value by the end of the immersion period (30 days). This may be attributed to the high BD solubility with low water uptake to overcome the ions loss which means that material solubility was higher than water uptake [32] . In the oral environment, BD solubility might be reduced by the calcium phosphate deposits which are formed on the surface [32] . These depositions were reported for tri-calcium silicate materials and Portland cement [41, 42] . This observation was also supported by lower BD solubility in buffered solution [37] . Moreover, the exposed surface of the material in a clinical situation may be less than that in a laboratory setting, thus reducing the material's solubility.
The results showed low percentage mass change for IO compared to FJ at 1 h and 24 h followed by higher mass change of IO compared to FJ thereafter. This might be explained by the complete hardening of FJ [28] . The initial increase of mass of FJ compared to IO may have resulted from its rapid maturation reaction within the first 24 h. This is in line with a previous study that reported that FJ had lower initial solubility at 24 h and 7 d compared to other GIC materials assessed using the evaporation method [27, 43] . It should be noted, however, that the percentage mass change does not necessarily relate to solubility. One of the limitations of measuring weight difference is that it does not accurately represent material solubility. It also records the disintegration processes such as loss of materials particles in water during storage [37] . Therefore, the end result is a combination of these two processes and there is no clear differentiation between them.
The effect of desiccation on the properties and maturation of water-based restorative materials has been previously assessed. However, the current study is the first one to assess the effect of desiccation on water sorption, solubility, and hygroscopic expansion of waterbased materials including BD. According to this study, the pre-storage treatment had a significant effect on sorption, solubility, and hygroscopic expansion in all tested materials. It was highlighted in a previous study that desiccation of glass ionomer in order to measure the initial dry mass may result in structural modifications that affect glass ionomer sorption and solubility [44] . Desiccation may result in loss of free unbound water of materials during their maturation which could extend in the case of glass ionomer from 24 h to 72 h [45] .
Crazing and stopping of maturation reaction that occur when the material is desiccated at early setting stages result in major changes in physical properties of glass ionomer [38, 46] .
It was not applicable to assess the effect of desiccation on sorption and solubility of BD in the current study since all samples were fractured within the first hour of water immersion following BD desiccation. This might be attributed to the fact that BD is a water-based material in which water plays an important role in the material composition and setting reaction.
The current study showed that both FJ and IO were affected significantly by desiccation, however, the effect of desiccation on sorption and solubility of FJ was significantly much higher than on IO which is in agreement with a previous study [47] . This can be explained by the polymeric content of IO which offset the moisture sensitivity of the glass ionomer component [48] . However, it did not totally eliminate the dehydration effect on resin modified glass ionomer [47] . Furthermore, it is generally accepted that GIC is a water-based material and water plays an important role in its setting reaction [49] .
Interestingly, the effect of desiccation on the percentage mass change of FJ was much more significant than the effect of wet treatment. This observation was also reported in other studies [50, 51] . The effect of early desiccation on contraction of the material has been shown to be much higher than expansion effect associated with early hydration in GIC [51] .
In the current study, volumetric expansion was assessed using a laser micrometre. The main advantage of this method over the traditionally used Archimedes method is its higher accuracy since measurements are not affected by the solubility which could affect the density of the storage medium and result in false negative values [52] . All materials showed positive volumetric expansion with water immersion when no pre-storage desiccation treatment was applied. Volumetric expansion is mainly explained by the continued water uptake during storage which is confirmed by the positive correlation with sorption values. IO demonstrated the highest volumetric expansion (6.19%) which could be mainly attributed to its hydrophilic HEMA monomer content combined with a weekly cross-linked polymer network. A similar volumetric expansion value for a RMGIC has been previously reported (7.97%) when the material was immersed in water for 30 days [52] . The amount of volumetric expansion of IO and FJ was significantly lower when the materials were desiccated prior to water immersion which is attributed to structural changes induced by dehydration. This is in line with the sorption values that were similarly decreased with
desiccation.
An interesting finding in the current study is that desiccated FJ has exhibited negative hygroscopic expansion (or shrinkage) when immersed in water despite its positive sorption and negative solubility. This can be explained by the 'self-healing' effect described earlier by Sidhu et al. (1997) which entails that the internal cracks that develop in a glass ionomer material when dehydrated are reparable upon rehydration [47] . Accordingly, the shrinkage of desiccated FJ could be due to the healing effect of water which reduces the internal cracks and binds the material together reducing its volume. Self-healing might not be applicable to BD since the desiccated samples were cracked and broken once they were 16 immersed in water. Thus, it is imperative to avoid excessive or prolonged dryness of a BD restoration during rubber dam isolation and finishing procedures.
Conclusions
• BD had the highest solubility after one-month water immersion and its volumetric expansion is similar to FJ.
• IO had the highest sorption and volumetric expansion and the lowest solubility after one month of immersion in water which could be attributed to its polymeric resin content.
• Desiccation before water immersion had significant effect on sorption, solubility, and volumetric expansion of the assessed materials especially FJ and BD. Accordingly, the ISO (4049) standard for assessing water sorption and solubility of polymeric materials is not applicable for water-based materials. NA stands for not applicable. 1 w and 1 m stand for: 1 week and 1 month respectively. NA stands for not applicable. 
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